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ABSTRACT

SUPPRESSING INTERMITTENT FLOW PATTERNS AND REDUCING PRESSURE
LOSS IN TWO-PHASE HORIZONTAL PIPE FLOW USING SURFACTANTS
Glassmeyer, Stephen Robert
University of Dayton, 2003
Advisor: Dr. R. J. Wilkens

The addition of small concentrations of surfactant to an air/water two-phase flow through
a 2 inch Schedule 40 (0.052 m-id) smooth PVC pipe resulted in significant changes to
the flow pattern map and pressure loss of the system. Sodium dodecylsulfate was added
to an air/water two-phase flow at several concentrations at or below the critical micelle
concentration. As the surfactant concentration increased, the amount of foam generated
in the flow increased, and several flow patterns not previously reported were observed.
There was a reduction in the conditions under which intermittent flow patterns
developed. It is proposed that the ability of the foam to dissipate local pressure gradients
caused the reduction in the occurrence of intermittent flow. Pressure loss was measured
for two-phase air/water stratified flow with and without surfactant. Addition of surfactant
reduced the pressure loss in two-phase flow at concentrations that have no effect on
single-phase, water only pressure loss. It is proposed that the liquid surface is less easily
deformed in surfactant-containing flows due to surface concentration gradients created
by interfacial forces, resulting in lower interfacial friction.
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N O M E N C LA TU R E

Variable

Definition

A
D
f
g
h
L
P
Q
Re
S
u
V
Vs

cross-sectional area, m2
hydraulic diameter, m
Fanning friction factor
gravitational acceleration, m/s2
film height, m
length, m
pressure, Pa
volumetric flowrate, m3/s
Reynolds number, dimensionless
perimeter length, m
in-situ velocity, m/s
velocity, m/s
superficial velocity, m/s

Subscripts
DRA
i
f
fluid
G
L
nilDRA
Pipe
w

with drag reducing agent
gas-liquid interface
due to friction
for the fluid
for the gas
for the liquid
without drag reducing agent
for the pipe
for the wall

Greek Symbols
a
A
|i
n
p
x

pipe inclination from horizontal, rad
differential
viscosity, Pa s
ratio of circumference to diameter
density, kg/m3
shear stress, Pa
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C H A P TE R 1
IN TR O D U C TIO N

Multiphase fluid flow is a common occurrence in the chemical processing industry. Many
processes combine gas and liquid flow through a single pipe. The interactions of the two
phases result in pressure loss in the pipe. This in turn leads to increased production
costs due to reduced production rates. Drag reduction agents (DRA) have been
introduced to help mitigate the pressure loss, but there are drawbacks associated with
their use. The purpose of this study was to measure and explain, mechanistically, the
drag reduction in two-phase air/water pipe flow caused by the addition of surfactants to
the flow.

Multiphase flow is encountered frequently in the petroleum industry. The vertical flow out
of a well is a mix of oil, natural gas, and water. These components are easily separated
at the surface. For offshore wells with subsea completion, however, it is costly or
impractical to have a separator at the wellhead. The flows of several individual wells are
combined at a manifold. This multiphase flow may travel 20 miles or more through a
single pipe to a production platform before reaching a separator (see Figure 1).

Other examples of multiphase pipe flow can be found outside of the petroleum industry.
In district heating systems, water and steam flow together. The cooling system for
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Figure 1: Offshore oil well with subsea completion.

a nuclear power plant pumps water through heat-exchangers, resulting in a water/steam
flow through the pipe.

Multiphase flow can be difficult and costly to handle. As the fluids flow through the pipe,
interactions between the fluid phases cause pressure to be lost, resulting in slower
production or increased pumping costs. Formation of intermittent flow patterns_results in
sudden changes in momentum that can damage equipment, thereby increasing capital
_
-~ —=■
costs. Intermittent flow also increases corrosion rates, again raising capital costs or
necessitating the use of corrosion inhibitors.

Drag reducing agents are available to help minimize the pressure loss in single and
multiphase systems. Most are polymer based, and help to reduce the turbulence in the
liquid phase, which in turn reduces the overall system pressure loss. A drawback to the
use of polymeric DRA is that they degrade with each pass through a pump, and
therefore have to be continuously added to the system to maintain drag reduction.
Surfactants have also been used as DRA, but most of the work has been limited to
single-phase systems using large aggregates of surfactants at high concentrations.
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The purpose of this study was to measure any drag reduction caused by the addition of
surfactants to two-phase air/water flow through a horizontal pipe, and to determine the
mechanism of any drag reduction observed.

C H A P TE R 2
PR EV IO U S W O R K

Single-Phase Drag in Horizontal Pipe Flow
( Pressure loss in single-phase pipe flow can be caused by interactions of the fluid with
the pipe wall (skin friction) as well as by bends and other physical obstacles that cause a
sharp change in the direction of flow (form friction)^ Pressure loss due to skin friction is
called drag. The shear stresses between the fluid and the pipe wall are dependent on
the area of the interface (nDL). The loss in pressure due to these frictional effects is
given by:

nDL

(1)

^£)2/4

where APf is the pressure loss due to friction, L is the length of the pipe, D is the
diameter of the pipe, and xwan is the shear stress of the fluid at the wall of the pipe. The
Fanning friction factor, f, is defined as:

(2)

where p is the fluid density, and u is the fluid velocity. p ie Fanning friction factor is an
empirically derived value that includes pressure loss due to both the roughness of the
wall and the degree of turbulence in the flow as quantified by the Reynolds numbe^The
Reynolds number is determined by:
4
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Re =

pDu

(3)

where p is the fluid viscosity. The roughness of the wall is constant for a given system,
but the turbulence can be changed by varying the Reynolds number.

Combining equations (1) and (2) yields an equation for calculating the pressure loss in a
single phase flow using easily measured parameters plus the Fanning friction factor:

(4)

&Pf = 4 f — —
f
D
2

The Fanning friction factor can be found in a friction factor chart, or calculated using
empirical correlations. For laminar flows (Re < 2100), the correlation
/= r

(5)

works well, and for turbulent flows in a smooth tube (3000 < Re < 3 x 106),
< = 0 0014+^ s -

<6>

is a useful correlation.

Turbulence is generated by instabilities in laminar flow that cannot be damped out by
viscous effects. It greatly increases the rates of momentum, energy and mass transport
This is due to the three-dimensional nature of turbulent flow. Vortices form in all
directions, not just in the direction of the flow.^.arge eddies, roughly the same scale as
the flow field, contain much of the kinetic energy of the flow, and are responsible for the
rapid dispersion of momentum, energy and mass. Energy is passed from large eddy to
small eddy in a cascade process. The small eddies convert kinetic energy to thermal
energy through viscous shear.

j
)
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Conceptually, there are three regions in turbulent pipe flow (see Figure 2). Near the wall
of the pipe, there is a thin laminar layer called the Viscous Sublayer where molecular
effects dominate turbulent effects. In the center of the pipe, the bulk of the fluid flows
through the Turbulent Core. In this region, turbulent effects dominate, and molecular
effects can be ignored. Between these two regions is the Buffer Zone, where both
turbulent and molecular effects need to be considered. Eddies form in the Turbulent
Core, dissipate through the Buffer Zone, and terminate in the Viscous Sublayer.
Pressure loss is higher for turbulent flow than for laminar flow because the velocity
gradient at the wall is higher for turbulent flow at equal flowrate.

Single-Phase Drag Reduction
Drag reduction agents (DRA) are species that significantly reduce the drag of a system
at very low concentrations by reducing i win equation (1). The effectiveness of a DRA is
measured by its percent drag reduction, which is defined as:

AP

% DP = — ™

- AP

APntlDRA

x

100%,

(7)

where APni|DRA is the pressure loss without drag reduction agents and APDRa is the drag
reduction with drag reducing agents. Typically DRA are polymers or surfactants, but
other materials can give similar effects. Drag reduction was first discovered by the
observation that wood pulp - water slurries produced lower friction factors than water
alone (Toms, 1949). Since that observation, much research has been done to clarify the
mechanism of single-phase drag reduction, but a complete and satisfactory explanation
has not yet been reported.

Turbulent Core

Turbulent forces are much
greater than
molecular forces.

Buffer Zone

Molecular and turbulent
forces of similar
magnitude.

Viscous Sublayer

No turbulent forces.
Molecular forces only.

y+ ~ 30

y+ ~ 5
y+ = 0

Figure 2: Boundary layer diagram for single-phase turbulent flow.

-’si
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The first mechanism proposed, based on Toms’ original observation, was that there was
a shear-thinning layer at the wall that had an extremely low viscosity. Later
experimentation showed this to be incorrect. It was later proposed that drag was
reduced because the shear stress at the wall for a viscoelastic fluid is smaller than that
of a Newtonian fluid (Ruckenstein, 1973).

More recent work focuses not on wall effects, but rather on the ability of viscoelastic
fluids to dampen turbulence (de Gennes, 1990). Cascade theory holds that the
structuring of the fluid provided by the DRA absorbs fluctuations that would otherwise
cause turbulence. It has been shown that the elastic modulus of the polymeric DRA itself
is more important than the viscoelasticity of the solution (Armstrong and Jhon, 1984).
Numerous other studies have also reached this conclusion using different systems
(Vlassopoulos, 1990; Lu et al., 1997; Warholic et al., 1999). It has further been
suggested that viscoelasticity has an adverse effect on drag, by introducing new
polymeric stresses that create turbulence (Den Toonder, 1996; Warholic et al., 1999).

There is a limit to the amount of drag reduction possible in single-phase pipe flow (Virk,
1975). Without DRA, laminar flows can be modeled using Poiseuille’s Law (which can be
derived by substituting equation 5 into equation 4), and turbulent flows can be modeled
using the von Karman-Prandtl Law (the Universal Velocity Profile). Analysis of several
different sets of data revealed that all tended to the same maximum drag reduction,
independent of polymer species, molecular weight, and polymer concentration. This
maximum drag reduction asymptote appears to be a fundamental feature of drag
reduction phenomena (see Figure 3).

9

Re (f)° 5

Figure 3: The maximum drag reduction asymptote (Virk, 1975).
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Most of the work to date in the field of drag reduction has used polymers as DRA. These
polymers usually have high molecular weights (greater than 106 g/mol). A common
polymer DRA used with water is polyethylene oxide. The effect of the polymer structure
(Choi and Jhon, 1996), the molecular weight of the polymer (Safieddine, 1990), and the
ionic strength of the solution and temperature of the system (Rochefort, 1986) have all
been studied.

A drawback to using polymers as DRA is that they are subject to mechanical
degradation. The longest chain polymers are the most critical to polymeric drag
reduction (Hunston and Reischman, 1975). As these long chain molecules pass through
a pump, they encounter large shearing forces that can cleave the molecules)(Whang,
1991). As a result, in order to maintain drag reduction, new polymer must be added after
each pump, increasing the cost of the benefit.

Surfactants as Drag Reducing Agents in Single-Phase Flow
Surfactant molecules individually are too small to reduce drag in the same manner as
polymers (refer to Appendix A for a general overview of surfactants). Surfactant micelles
can reduce drag to the same extent as polymers, as long as the micelles formed are rod
like (Ohlendorf et al., 1986). When the rods are aligned with the flow field, they reduce
fluctuations just like long-chain polymers.^There are notable differences between
polymer induced and surfactant induced drag reduction, such as the effects of
preshearing, maximum drag reduction effectiveness, and the shape of their mean
velocity profiles (Myska et al., 1997). A common surfactant system used to study single
phase drag reduction is a mixed system of cetyl trimethyl ammonium chloride and
sodium salicylate that is known to form rod-like micelles in water.
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Work to understand these mechanistic differences is ongoing. The effect of salt
concentrations (Myska et al., 2001), counter-ion to surfactant ratio (Lu et al., 1998),
solution viscoelasticity (Lu et al., 1997), and surfactant hydrophobicity (Lin et al., 2000)
on surfactant induced single-phase drag reduction have been reported and are still being
explored.

Surfactant drag reducing systems are of interest because surfactant drag reducing
agents do not degrade under shear like polymeric drag reducing agents. The
mechanism for single-phase surfactant drag reduction is the same as that for polymeric
drag reduction. Where polymeric drag reduction depends on large individual molecules
to dissipate turbulence, however, surfactant drag reduction is based on aggregates of
molecules. Unlike the polymeric drag reducers, whose molecules undergo a scission at
high shear, the much smaller (less than 103 g/mol) surfactant molecules themselves
remain intact. Due to their fast self-assembly kinetics, the micelles reform quickly after
the shear is removed. The thermodynamically driven process of micellization restores
the structures that reduce drag. This eliminates the need for repeated addition of DRA
after each pump, reducing the cost of the drag reduction. Surfactant-based drag
reduction is attractive for use in any recirculating system, such as district heating and
cooling systems.

Multiphase Horizontal Pipe Flow
Multiphase pipe flow, the simultaneous flow of two or more immiscible fluids through a
pipe, is encountered in a number of engineering processes. Examples include district
heating systems, boiler tubes, distillation columns, and chemical reactors. Oil, water and
natural gas flow together up from wells to separators on the surface. Special design
considerations must be made for multiphase flow due to the differences in the densities
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of the various fluids. The present work will focus on two-phase flow of a gas/liquid
system through a horizontal pipe.

Two Phase Flow Patterns
The flow of two fluids concurrently through a pipe is much harder to describe than the
flow of a single fluid. In single-phase flow, the flow is laminar if the streamlines of the
system are straight lines, and is turbulent if the streamlines are not. The transition from
laminar to turbulent flow has been studied extensively, and is well described by stability
theory (Schlichting and Gersten, 1999). In two-phase flow, either phase can be laminar
or turbulent, and each has its own velocity distribution. The interface between them
allows for transfer of energy from one to the other, so changes in one phase affect the
other.
The flow pattern of a two-phase water/air system flowing through a horizontal pipe is a
description of the distribution of the two phases over the cross section of the pipe over
some period of time (Govier et al., 1957). The pressure loss of a two-phase flow is highly
dependent on the flow pattern. The flow pattern depends on many parameters, including
pipe dimensions, fluid properties and fluid flowrates. Due to differences in the densities
of the phases, there is usually no symmetry of the flow pattern about the axis of the pipe
in two-phase horizontal flow. The interface configuration has been both extensively
described (Gorelik and Brauner, 1999) and modeled (Vlachos et al., 1999).

Flow patterns of gas-liquid two-phase flow in horizontal pipes fall into two general
categories: continuous flow and intermittent flow. In continuous flow, each of the phases
travels through the pipe without interruption by the other phase. Intermittent flow is
characterized by instances where one phase fills the entire diameter of the pipe, which
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results in intermittent flow of the other phase (usually the lighter phase). These flow
patterns have been observed and reported by many (e.g., Govier and Omer, 1962).

Continuous Flow Patterns
Refer to Figure 4 for an illustration of each of the following flow patterns.

Stratified Smooth. The interface between the liquid and gas is smooth, and the crosssectional area of each phase in the pipe is constant. Typically occurs when both gas and
liquid flowrates are low.

Stratified Wavy. The interface between the phases becomes wavy. These can be ripples
or larger amplitude waves. The cross-sectional area of each phase is not constant
throughout the pipe. Occurs at low liquid, high gas flowrate conditions.

Dispersed Bubble. Gas phase consists of bubbles in a continuous liquid flow. Occurs at
very high liquid, low gas flowrate conditions.

Mist. Liquid phase is droplets in continuous gas flow. Occurs at very high gas, low liquid
flowrate conditions.

Annular. Center of the pipe is gas flow, and outer layer along pipe is liquid. Occurs at
very high gas flowrate conditions.

14

◄
W ater

Flow
S tratified Sm ooth

S tratified W avy

Interm ittent Plug

Interm ittent Slug

Pseudo Slug

A n nu lar

Dispersed Bubble

M ist Flow

Figure 4: Traditional two-phase flow patterns.
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Intermittent Flow Patterns
Intermittent Plug. Stratified flow is interrupted periodically by a plug of liquid that
completely bridges the pipe. The top portion of the plug moves at the same velocity as
the gas. There is no entrainment of the gas into the liquid. Occurs as the liquid flowrate
is increased from stratified smooth conditions.

Intermittent Slug. Slug flow is very similar to plug flow, except there is entrainment of gas
into the slug. Occurs at higher gas velocities than plug flow.

Intermittent Pseudo-Slug. Pseudo slug flow is similar to slug flow, except that the liquid
in the slug does not quite bridge the pipe. Occurs at lower liquid and higher gas
flowrates than slug flow.

Flow Pattern Maps
A flow pattern map is used to show which flow pattern was observed for a particular
pairing of gas and liquid flowrates. Superficial liquid flowrate and superficial gas flowrate
are used as a coordinate system, and the flow pattern observed under any given
condition is recorded at its appropriate location. The superficial velocities of the fluids are
calculated by
y
5

=

Q flu id_

A

pipe

where Vs is the superficial velocity, Qfluid is the volumetric flowrate of each fluid, and Apipe
is the total cross-sectional area of the pipe. Boundaries between the various flow
patterns observed are drawn. These boundaries are not very distinct, since the transition
from one flow pattern to another is not abrupt, and interpreting the flow pattern is visual
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and somewhat subjective. Figure 5 is an example of an air/water flow pattern map
(Mandhane et al., 1974).

Flow Pattern Transitions
A flow pattern transition occurs when two-phase flow changes from one flow pattern to
another. Of particular interest is the transition from stratified flow to intermittent flow.
Many models for these transitions have been developed. It has been suggested that
slugs develop from large amplitude waves through a Kelvin-Helmholtz instability
(Kordyban and Ranov, 1970). An inviscid linear stability analysis, based on the
consideration of the stability of non-linear waves, was used to find the gas velocities
needed to generate slugs from long amplitude waves (Taitel and Dukler, 1976). A more
refined transition model was later developed which accounted for viscous effects (Lin
and Hanratty, 1986). Recently, a number of sub-regimes of the slug flow regime were
identified (Woods, 1998). They were distinguished from one another by the mechanism
of slug formation and the conditions of formation.

Multiphase Drag in Stratified Flow
As with single-phase flow, the main source of drag in multiphase flow is the interaction of
the fluids with the walls of the pipe. But the interface between the fluids is another
source of drag. A mechanical energy balance for each fluid phase must be considered
individually. For a two-phase gas/liquid stratified flow at steady state, the following
momentum balance can be written for the liquid portion of the flow (Taitel and Dukler,
1976):

superficial liquid velocity (m/s)

10

1

Plug

0.1

Stratified

0.01
0.01

0.1

1

10

100

superficial gas velocity (m/s)

Figure 5: Flow regime transitions reported by Mandhane et al. (1975) for an air/water two-phase system.
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( dP\
- A L ------- twLS l + r,.5,. + p LALg sma = 0,
\ dx
where AL is the cross-sectional area of the liquid flow,

tw is

(9)

the shear stress at the liquid-

pipe interface, SL is the wetted perimeter of the liquid in the pipe, t, is the shear stress at
the liquid-gas interface, Si is the perimeter of the liquid-gas interface, p is the liquid
density, and a is the angle of the pipe above horizontal (Figures 6a and 6b show the
geometry of the pipe). A similar balance can be written for the gas phase:

-A ,

f

dP^

\d x j

~ twgSg - Tis i + PGAGg ^ a = 0.

(10)

An important term to note is TjSj, which describes the momentum transfer at the liquidgas interface. It is positive for liquid and negative for gas, meaning that momentum is
transferred to the liquid from the gas. This convention is used since the gas velocities
are typically much higher than the liquid velocities. In some studies, it has been
assumed that the wall resistance of the liquid can be considered similar to that for an
open-channel flow, and that of the gas to closed-duct flow (Agrawal et al., 1973). This
assumes that fj = 0 for the liquid phase, which is not recommended for drag reduction
studies.

The values of SL, SG, and Sj are all functions of the liquid height in the pipe and the
diameter of the pipe. The dimensionless number hL/D is used frequently to describe the
flow rather than giving each perimeter separately. The hydraulic diameter of the gas flow
is calculated by:
(11)
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Figure 6a: Cross-sectional view of stratified two-phase flow.

Figure 6b: Side view of stratified two-phase flow.
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and the hydraulic diameter of the liquid phase is calculated by:
(12)

The shear stress of the gas at the air/water interface can be evaluated by:

fi 'P g

(u g

Ul }

2

(13)

Since the gas typically flows at a much higher superficial velocity than the liquid, it is
often assumed that the surface of the liquid acts on the gas to approximately the same
extent as the walls of the pipe:
r. = r s

(14)

and therefore that:
(15)
Using these assumption, equations (9) and (10) can be used to calculate a theoretical
pressure loss for stratified two-phase flow.

Multiphase Drag Reduction
The area of multiphase drag reduction has not been studied as extensively as single
phase drag reduction (Manfield et al., 1999). A full understanding of the mechanisms of
multiphase drag reduction has not been reached. There are several sources of drag in
multiphase flow (e.g., flow pattern type, single-phase drag, interfacial effects, etc.). The
studies reviewed only reported the total effect, offering very little insight into the
mechanism of multiphase drag reduction. This work will focus on the interfacial sources
of drag by holding the other sources constant. The most common observation of
multiphase flow with DRA is that the slug regime is suppressed, resulting in less loss of
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kinetic energy due to mixing of the phases. Overall drag reduction between 25% and
80% has been reported.

A two-phase air/water system was studied, using polyethylene oxide as the drag
reducing agent (Sylvester and Brill, 1976). For annular flow at the highest superficial gas
velocities studied, drag reduction of up to 35% was reported, using 100 ppm polymer.
The slug flow regime was not studied. Another study of air/water flow in horizontal pipes
using a carbonyl vinyl polymer found that pressure loss decreased with surface tension,
and that drag reduction increased with gas flowrate for a given liquid flowrate (Otten and
Fayed, 1976).

More recently, a two-phase methane/decane system with a polymeric DRA was studied
(Fernandes, 2003). Drag reduction was reported to plateau at 50%-60%. The author
points out that the flow pattern map without DRA is dominated by slug and annular flow,
while the flow pattern map with DRA is dominated by stratified flow.

Three-phase flow has also been explored to a limited extent. Polymeric DRA which gave
up to 50% drag reduction in single-phase oil or water flow were shown to give up to 70%
drag reduction in two-phase oil/water systems, and up to 25% drag reduction in threephase oil/water/carbon dioxide systems (Vancko, 1997). Slug flow suppression was
recorded, as well as a decrease in the slug frequency when slugging did occur. Another
study on the same oil/water/carbon dioxide system measured drag reduction of up to
80%, also noting slug suppression and decrease in slug frequency (Kang et al., 1998).

C H A P TE R 3
E X P E R IM E N TA L SET UP A N D M E T H O D O LO G Y

The Multiphase Flow Loop
A multiphase flow loop was constructed to carry out the experiments in this study (see
Figure 7). The apparatus is capable of generating liquid superficial velocities in the range
of 0.03 to 1.25 m/s, and air superficial velocities in the range of 0.35 to 15 m/s. These
velocities allow the study of air/water flows well into the intermittent flow regime. A
differential pressure transducer was used to measure the pressure loss of the flow
across a 7 m section of pipe. Observations and video recordings of flow patterns were
made directly through the clear PVC pipe.

The multiphase flow loop is centered on a 200 gallon (0.76 m3) tank, which holds the test
liquid and acts as a separator at the end of the multiphase test section.^The liquid is
pumped with a 3 hp (2.2 kW) centrifugal pump through a recycle loop and a globe valve,
which regulate flow rate. It then passes through a rotameter, a turbine flow meter and on
to the multiphase pipe inlet.^ir is supplied by a house compressor at 100 psi (0.8 MPa)
and passes through a metering section on its way to the multiphase pipe inlet. Air
flowrate and pressure are controlled by a globe valve and a pressure regulator. The
multiphase pipe is about 15 m long. The multiphase flow empties into the storage tank.
The tank is open to the atmosphere, so the pressure at the outlet of the multiphase pipe
is about 14.7 psia (0.1 MPa).
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f"he multiphase test section is made from 2 inch Schedule 40 (0.052 m-id) clear PVC
Pip

The inlet to the multiphase pipe is a T junction of the liquid and air supply pipes.

The storage/separation tank is located at L/D = 290. The ends of a pressure transducer
are placed at L/D = 140 and 275. Visual flow pattern observations were made at L/D =
275, and video recordings of the flow patterns were made at L/D = 250.

Accuracy and Error Estimates
The apparatus is not temperature controlled. For that matter, the temperature in the
laboratory is not well controlled. In the late afternoon, the storage tank sits in the sun.
Heat added by the pump was not negligible. Temperature was measured in the liquid
supply to the multiphase pipe, downstream of the pump, using a thermocouple with an
accuracy of +/- 1°C. Most measurements were made at ~ 30° C, but some were made at
temperatures as low as 25° and as high as 40° C. This should not have had a large
impact on the CMC of either of the surfactants used (Rosen, 1989). Viscosity of water in
this range varies by 25% (p = 1002 pPa s at 20°C, p = 798 pPa s at 30°C, and p = 653
pPa s at 40°C).

The pressure transducer used was an Omega PX293-006D5V, capable of measuring
pressure differentials between 0 to 6 psid (0 to 41.4 kPa). Accuracy of the transducer is
stated as +/-1% of full-scale reading, which is 0.06 psid (414 Pa). The test section used
was 7 m long, so the uncertainty in the measurements made was +/- 59 Pa/m. The error
bars reported in this work, however, were based on the repeatability of the
measurements, which resulted in an error estimate o f+/-10% of the measured pressure
differential. This approach is valid for comparing pressure gradients for various
conditions measured in this system. Accuracy error bars are more appropriate for
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comparison with predicted values or literature values. All differential pressure
measurements were recorded using a digital data acquisition system.

The liquid flow rate was measured using an Omega FTB106 Liquid Turbine Flowmeter
and an Omega FL904P Liquid Rotameter. The turbine’s range is 4 to 60 gpm, with an
accuracy of +/- 0.5% of the reading. The rotameter’s range is 0 to 34.5 gpm, with an
accuracy of +/- 2% of full-scale reading.

There were three gas rotameters in parallel in the system. The rotameter with the
highest range was an Omega FL7722A Gas Rotameter. It measured up to 250 SCFM,
calibrated at 100 psig and 70° F, with an accuracy of +/- 2% full-scale reading. The
SCFM measurement recorded was corrected for temperature and pressure, and
converted to ACFM. The ACFM was then divided by the cross-sectional area of the pipe
to give the gas superficial velocity.

The height of the liquid in the tube was recorded in terms of the arc length of the wetted
perimeter of the liquid flow. This was done visually, using a measuring tape that was
affixed to the outside of the pipe. Measurements were made in centimeters, with an
estimated error of +/- 0.2 cm.

Methodology

The desired liquid composition was premixed in the tank. A sample was titrated to
determine actual surfactant concentration (see Appendix B). Liquid and air flowrates
were varied appropriately to generate a flow pattern map within the limits of the
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apparatus. Pressure loss measurements were made for the stratified flow patterns in
each system. A video recording was made of any remarkable flow pattern observed.

Protocol
•

Add water to the storage/separation tank
o

•

Deionized or hard as desired

Add appropriate surfactant to tank
o

Initial amount is based on an estimate of the amount of water in the tank

•

Mix solution for ten minutes by recirculating through system

•

Measure surfactant concentration of an aliquot of the test solution
o

See Appendix B for details

•

Adjust concentration by adding water or surfactant as needed

•

Collect aliquot for surface tension and viscosity measurement
o

Perfromed later following procedures outlined in Appendix B

•

Adjust liquid flow rate to desired value

•

Adjust gas flow rate to desired value

•

Record pressure loss for stratified flows

•

o

Record 1000 data points using DACQ system

o

Average data points

Measure film height visually
o

Record arc length of flow using tape measure on outside of pipe

•

Note flow pattern

•

Video record flow pattern if desired

•

Adjust air and gas flow rates and repeat measurements
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•

At completion, rinse apparatus several times, until there is no residual foam
o

Verify surfactant has been removed by testing surface tension

This protocol was followed first for air/water, and then repeated for air/water/surfactant
systems.

Surfactant Drag Reducing Agents
The surfactants used in this study were sodium dodecylsulfateJSDS). and linear
alkylbenzenesulphonate (LAS). These were chosen for their ability to dramatically lower
surface tension at very low concentrations, ease of acquisition, and relative
innocuousness. Both were acquired in the form of a neutralized sodium salt from a
commercial vendor (Aldrich). The average alkyl chain length for each sample was 12,
although there was no indication from the supplier as to the distribution of chain lengths
in the samples. There was also no information available about the isomer distribution of
the LAS. A general description and the structure of each surfactant can be found in the
Appendix A.

C H A P TE R 4
R ESU LTS AN D DISC U SSIO N

Novel Flow Patterns
Two-phase flow patterns not previously reported in the literature were observed during
the surfactant drag reduction experiments. The common two-phase flow patterns (see
Figure 4) were also observed during these experiments, but the lower surface tension
allowed for the creation of bubbles (suds) at the air water interface. This foam acted like
a third phase, and created some flow patterns distinctly different than those observed in
previous work.

Continuous Flow Patterns
Refer to Figure 8 for diagrams of each of the following flow patterns.

Stratified Bubble-Liquid. This is two-phase stratified flow where the lower phase is liquid
and the upper layer is foam.

Stratified Gas-Bubble-Liquid. This flow pattern has a lower layer of liquid, a middle layer
of foam, and an upper layer of gas.

Stratified Wavy with Bubbles. This flow is very similar to stratified wavy, but has bubbles
at the air/water interface. These bubbles do not completely fill the interface, and
therefore do not suppress waves.
28
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Figure 8: New flow patterns observed during experimentation.
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Intermittent Flow Patterns

Bubble Top Plug. This pattern is similar to conventional plug flow, except the foam in the
pipe keeps the liquid in the plug from completely bridging the pipe. The bubbles move at
the same speed as the plug, and travel down the pipe with it.

Bubble Top Slug. Similar to bubble top plug, except it is the slug that does not
completely bridge the pipe. Again, the foam travels down the pipe at the same velocity
as the slug.

Bubbly Slug. Looks exactly like slug flow, except the lower region is foam, and the upper
region is gas.

The foam was formed as both gas and liquid flow rates increased. Some of the energy
from the flow was lost to the formation of the new interface. As a result, the amount of
foam generated increased with flow rate (energy input). The formation of foam in this
system was likely exacerbated by the design of the gas-liquid junction: the junction was
a T , which created much more turbulence in the pipe than a smooth, cocurrent flow
design would have.

Suppression of Slug Flow

Changes in surface tension have a drastic affect on the flow pattern map of two-phase
air/water flow. Without surfactant, the flow pattern map is comparable to those generated
previously. As surfactant was added, the surface tension was lowered, the new flow
patterns mentioned above were observed as foam developed in the flow. These flow
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patterns appeared in place of slug flow, shrinking the slug flow regime. It should be
emphasized that this suppression of slug flow did not occur as a result of delaying the
transition from stratified to slug flow, but rather by inducing a return to stratified flow at
higher liquid flow rates.

Mapping of the air/water system without surfactant resulted in a map that compared
favorably to those reported in previous studies. The surface tension of the water was 72
mN/m. At liquid superficial velocities below 0.1 m/s, the flow was stratified, smooth below
a gas superficial velocity of about 1 m/s, and wavy above. At liquid superficial velocities
above 0.1 m/s, the flow was intermittent, with plugs forming below a gas superficial
velocity of about 0.5 m/s, and slugs forming above. These results are plotted with the
flow pattern transitions reported by Mandhane et al. (1974) in Figure 9.

Adding 220 ppm of SDS to the system lowered the surface tension of the water to 64
mN/m. This did not drastically change the flow pattern map, but there were some subtle
changes (see Figure 10). At low gas flow rates, increasing the liquid flow rate from very
low to the system's maximum (from 0.03 m/s to 1.2 m/s) resulted in a change from
stratified smooth to plug flow at 0.2 m/s, and then from plug to stratified bubble-liquid
flow at about 0.6 m/s. This is the first observation of a transition back to stratified flow
with increasing flow rate to the author’s knowledge. Another novel transition occurs in
this system at high gas flow rates (~ 5 m/s), where the slug flow becomes pseudo-slug
flow.

At 1340 ppm SDS, the surface tension of the water is 48 mN/m, and the changes to the
flow pattern map are much more profound (see Figure 11). At low gas flow rates, the
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plug flow has disappeared, with the flow transitioning from stratified smooth, to wavy,
and then to bubble-liquid flow. At high gas and low liquid flow rates, the flow has become
stratified wavy. At high liquid and gas flow rates, the first observation of the three-layer
stratified gas-bubble-liquid flow was made. The most striking feature of this flow map is
that the intermittent flow area is completely contained within continuous flow regimes.

An SDS concentration of 1340 ppm in 10 grains per gallon (171 ppm) hard water
reduced the surface tension of the water to 30 mN/m. The area of the intermittent regime
has decreased even further (see Figure 12). The flow pattern map for this system does
not have a slug flow regime. There is still some intermittent flow, but it is in the form of
bubble top plug and bubble top slug flow.

Mechanism of Slug Flow Suppression
As flow rates increased, the amount of foam flowing in the pipe increased, resulting in a
lower occurrence of slug flow in the systems studied. At low flow rates, with very little
foam in the flow, the surfactant DRA containing systems looked much like the water only
system. When there was not enough foam to cover the air/water interface, the typical
intermittent flow patterns were observed. As the flow rates increased, the interface was
completely covered with foam, and the system returned to stratified flow. There were no
intermittent flows observed after the transition from intermittent back to stratified flow for
the systems studied.

The explanation of this phenomenon likely involves the foam’s ability to dissipate local
pressure gradients quickly, and spread them over a large area of the interface. Local
pressure differences in the airflow exert a pressure on the surface of the water. Since
water is an incompressible fluid, this pressure causes ripples, waves and, at higher
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pressures, slugs and plugs to form (see Figure 13a). The foam on the surface of the
water is made of many small pockets of compressible gas contained in a liquid film.
Exerting force on the top of one bubble could result in the compression of the bubble,
damping the pressure gradient. Since the liquid film is flexible, any pressure change at
the bubble/bubble interface would be transmitted to adjacent bubbles quickly, allowing
the overall system to flow more smoothly (see Figure 13b).

Single Phase Pressure Loss Measurements
Before making any two-phase measurements, the pressure gradient of each system was
measured for liquid only flow at rates that would be studied in two-phase flow. This was
to ensure that none of these systems showed any single-phase drag reduction. Any
change in the pressure gradient in two-phase flow could then be directly attributed to
two-phase drag reduction mechanisms.

None of the systems studied showed single-phase drag reduction, and the pressure
gradients measured were in agreement with predicted values (see Figure 14). Water
alone, water with varying levels of SDS and water with LAS were all measured to have
the same single-phase pressure loss, within experimental error, across the liquid flow
range of the system. This demonstrates that these low levels of surfactants do not cause
any single-phase drag reduction. This was the expected result, since the surfactants
were at or below their CMCs. In order to form rod-like micelles, the surfactant
concentration must be well above the CMC (refer to Appendix A).
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Figure 13a: Local pressure gradient causes increase in film height.
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Figure 14: Single-phase (liquid only) differential pressure measurements.
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Two Phase Pressure Loss Measurements
With the apparatus used in this study, only measurements of pressure gradients in
stratified flow could be made. The pressure transducers used were positioned at the
bottom of the pipe, so the only fair comparisons to make from system to system were
those between stratified flows at equal flow rate, where the liquid heights were equal at
both pressure transducer taps and fairly constant with time. The data was time averaged
via data acquisition program to help minimize the noise in the measurements.
Comparing only within the stratified flow regime also isolated surface modification effects
from flow pattern suppression effects. Modeling of stratified flow is far less complex than
intermittent flow, facilitating comparison of actual data to theoretical values. The flow
pattern maps generated, shown in Figures 9-12, show that a two-phase air/water system
will be stratified at VSL = 0.088 m/s and VSg between 0.01 and 5 m/s, for surface tensions
between 72 and 30 mN/m.

The first system studied was air/water (the water was deionized in all systems except as
noted). The water was measured to have a surface tension of 72 mN/m, the expected
value for pure water at room temperature. The superficial liquid velocity was held
constant at 0.088 m/s. The superficial gas velocity was varied between 0.35 m/s and
5.00 m/s (see Figure 14). Pressure loss at 0.355 m/s was 44.6 Pa/m, and increased to
75.1 Pa/m when the gas superficial velocity increased to 5.01 m/s.

The air/water pressure differential data did not compare favorably to the two-phase flow
model proposed by Taitel and Dukler (1975), likely because the model does not account
for end effects. Solving equations (9) and (10) for the flow conditions measured, and
making the assumption that f = fg, a theoretical pressure differential can be calculated.
The theoretical line is plotted with the air/water results in Figure 15. The magnitudes of
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re 15: Comparison of air/water measurements to the Taitel and Dukler (1976) model (VSL = 0.088 m/s).
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pressure loss measured are significantly larger than the predicted value. The measured
values are within the accuracy of the pressure transducer (+/- 59 Pa/m), but not within
the experimental error based on measurement repeatability. The slope of the change in
pressure loss with increasing superficial gas velocity looks very similar between the
measured data and the theoretical data, suggesting that perhaps there was a baseline or
zeroing error during data collection or manipulation.

Plotting the ratio of the liquid film height to the pipe diameter (h/D), however, revealed
that the model does not account for the end effects encountered in this apparatus, and
therefore should not be used. Figure 16 shows a comparison of the calculated to the
actual h/D. At a gas superficial velocity equal to zero, the model predicts full pipe flow
(h/D = 1). This is not physically possible, since the liquid flowrate of 3 gpm is about one
fourth of the flow needed for full pipe flow (-12 gpm). All systems studied in this work
had the same h/D value (0.644) at VSL= 0.088, regardless of the gas flowrate, with and
without DRA present. Since this model assumes full pipe flow, it is not a good basis for
comparison under these flow conditions. Subsequent data from experiments using DRA
will be compared to the air/water data reported rather than the model prediction.

Adding sodium dodecyl sulfate (SDS) to the water at 450 ppm (w/w) led to less pressure
loss (see Figure 17). The surfactant lowered the surface tension to 58 mN/m. The
pressure loss measured 41.8 Pa/m at 0.36 m/s, and only 63.5 Pa/m at 4.8 m/s. A
surface tension of 30 mN/m was achieved by raising the SDS concentration to 1200 ppm
in hard water (see surfactant summary in Appendix A). At this low surface tension,
pressure loss was only 6.3 Pa/m at 0.36 m/s, and 47.8 Pa/m at 5.01 m/s. Reducing the
surface tension from 72 mN/m to 30 mN/m resulted in a net drag reduction ranging from
36% at 5.01 m/s gas superficial velocity to 86% at 0.36 m/s gas superficial velocity.
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Figure 16: Comparison of h/D measured for air/water to that predicted by the Taitel and Dukler (1976) model.
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The surfactant used to reduce the surface tension was not a determining factor in the
magnitude of the drag reduction. Linear alkylbenzenesulphonate (LAS) was used to
lower the surface tension for additional pressure loss measurements. At 10 ppm LAS,
the surface tension measured 50 mN/m. Pressure loss was 21.5 Pa/m at 0.36 m/s, and
66.6 Pa/m at 5.01 m/s. The pressure loss curve lies between the 30 mN/m and 58 mN/m
SDS curves, even though the LAS surfactant concentration is far lower than either SDS
concentration. Raising the concentration of LAS to 550 ppm lowered the surface tension
to 30 mN/m, the same surface tension as the 1200 ppm SDS /1 0 gpg system. The
pressure loss measured was 7.7 Pa/m at 0.36 m/s, and 56.4 Pa/m at 5.01 m/s. These
values are within experimental error of the pressure loss values measured for the 30
mN/m SDS system (based on repeatability: see Chapter 3).

Mechanism of Stratified Two Phase Drag Reduction
Pressure losses in single phase liquid flow are equal for all surfactant types and
concentrations measured in this study, showing that single phase drag reduction
mechanisms do not apply to these systems. There was no measured change in viscosity
for the water with increasing concentration of surfactant at the concentrations used in
this study (see Appendix B). The magnitude of drag reduction was independent of the
type of surfactant used, since the same degree of drag reduction was measured with two
different surfactants at the same surface tension.

Reduction of surface tension occurs as the surface concentration of the surfactant
increases. The surface tension reaches its minimum when the interface is completely
populated by surfactant. The surfactants molecules are packed as tightly together as
head group charge repulsion and tail group sterics will allow (see Figure 18a).
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Figure 18a: Illustration of equilibrium surfactant distribution.

Figure 18b: Illustration of interfacial forces.
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When local pressure gradients cause a stretching of the surface, an opposite acting
force is created by the surfactant concentration gradient (and resulting surface tension
gradient) that is formed (see Figure 18b). This is known as the Marangoni effect
(Holmberg et al., 2003). Essentially, the chemical potential created by the surfactant
surface concentration gradient opposes the kinetic forces of the interaction between the
phases. This results in a smoother interface, which lowers the total drag of the system. It
is not the surface tension reduction that causes drag reduction; both surface tension
reduction and drag reduction are effects of the increase in surfactant surface
concentration. The increase of the surfactant surface concentration is actually causes
drag reduction.

C H A P TE R 5
C O N C LU S IO N S

•

Flow pattern maps were recorded for two-phase air/water flow through horizontal
pipes with varying concentrations of surfactant.
o

A reduction in the conditions under which intermittent flow patterns
formed was observed with increasing surfactant concentration.

o

Several previously unidentified multiphase flow patterns were observed,

o

A mechanism for intermittent flow suppression was proposed in which the
formation of foam in the flow dissipates the local pressure gradients that
cause intermittent flow patterns to develop.

•

Two-phase drag reduction was measured for stratified flow as a function of
surface tension.
o

Determined that two-phase drag reduction can occur at surfactant
concentrations lower than those required for single-phase drag reduction.

o

A mechanism for two-phase stratified flow drag reduction was proposed
in which the liquid surface is less easily deformed in surfactant-containing
flows due to restorative interfacial forces created by surface concentration
gradients.
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C H A P TE R 6
R E C O M M E N D A TIO N S

Further Experimentation
As is typical, this set of experiments generated not only new insight into multiphase flow
behavior, but also a new series of questions to be answered. Here is a short list of
suggested follow-up experiments and the questions each would help answer.

•

Measure the two-phase stratified flow drag reduction of a polymeric DRA at a
concentration where it exhibits single-phase drag reduction. A finding that there
was no additional two-phase drag reduction would support the two-phase drag
reduction mechanism proposed in this work.

•

Record the flow pattern map for the same polymeric system, which should not
foam. A comparison to the surfactant flow pattern maps reported in this work will
demonstrate the necessity of foam generation for intermittent flow pattern
suppression.

•

Measure the two-phase stratified flow drag of a fluid with an intrinsically low
surface tension (such as an ethanol/water mixture), where there would be no
Marangoni effects. A result of no drag reduction would support the mechanism
proposed in this work.
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•

Record the flow pattern map for the same low-surface tension fluid, which will not
foam (since it is a pure liquid). This will also contribute to the understanding of
intermittent flow suppression.

•

Measure the two-phase stratified flow drag of a fluid with an intrinsically low
surface tension with an appropriate surfactant added. The surfactant would not
significantly lower surface tension, but there should still be Marangoni effects. A
measurement of drag reduction would support the mechanism proposed in this
work.

•

Measure the two-phase stratified flow drag reduction of the same surfactants
used in this study with the addition of suds-suppressor to the system. A
measurement of the same magnitude drag reduction reported in this study would
support the proposed mechanisms.

•

Record the flow pattern map for the same surfactant/suds-suppressor system.
This system should still generate some foam. A comparison to the surfactant flow
pattern maps reported in this work (and in the experiments suggested above) will
further clarify the role of foam generation in intermittent flow pattern suppression.

Equipment Upgrades
This data was the first to be generated on the flow loop at the University of Dayton.
During the data gathering, work continued to optimize the system. Here are a few things
that would make this flow loop much easier to operate and allow for the collection of
better quality data:
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•

Temperature control of the system is lacking. The recent addition of air
conditioning to the laboratory will help, but to minimize error due to temperature
change, some kind of cooling system must be added to the flow loop.

•

Flow control of both the liquid and the gas is difficult. Accuracy is high, since the
meters are good, but adjusting a globe valve and a recycle loop to get the correct
flowrate is very difficult.

•

The differential pressures measured were at the limit of accuracy of the pressure
transducer. A more sensitive transducer or a greater distance between the
pressure taps would make pressure loss measurements more accurate.

•

Some of the foam in the flow system is likely generated because of the way the
air is injected into the multiphase flow pipe. It is aimed directly into the flow of the
liquid, which creates significant interaction between the phases. The gas should
be injected parallel to the flow of the water, so that interfacial disturbances are
minimized.
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A P P E N D IX A
S U R FA C TA N T BASICS

Surface Free Energy
Surfaces of liquids have very different properties than the bulk liquid. For illustrative
purposes, consider a volume of water in a beaker. In the bulk, other water molecules
surround each water molecule, and attractive intermolecular forces are balanced in all
directions, resulting in a net zero force vector. At the surface (e.g., an air-water
interface), the water molecules have only minimal interactions with the air molecules,
resulting in a net force directed into the bulk. As a result, moving a molecule of water
from the bulk to the surface requires energy. This can be observed by the tendency of a
liquid to form spherical drops. The spherical shape minimizes surface area, and
therefore the energy of the system.

The amount of energy required to create a surface per unit area (J/m2) is called the
surface free energy. For liquids, the surface free energy is equal to the surface tension,
and is usually expressed as force per unit length (N/m). The surface free energy can be
expressed in terms of the Gibbs free energy (when T,P,n, are constant, and y is the
surface free energy):
dG = ydA
Surface tension depends on the strength of the intermolecular forces of the liquid. For
example, mercury (metallic bonding) has a very high surface tension of -485 mN/m,
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while water (hydrogen bonding) has a surface tension of ~72 mN/m, and short chain
alkanes (dispersion forces) have a surface tension of only ~20 mN/m.

Surface Active Agents
Adding molecules that concentrate at the liquid surface reduces the surface tension of a
liquid. These molecules are called “surface active agents”, or surfactants. Surfactant
molecules have a dual nature. One end of the molecule is highly polar or charged,
making it very hydrophilic. The other end of the molecule is non-polar, making it
hydrophobic. Surfactants are classified by the nature of the hydrophilic group. They can
be anionic (e.g., SO3', SO4 ), cationic (e.g., N+), nonionic (e.g., multiple EO groups), or
even zwitterionic (i.e., two oppositely charged groups on the same molecule).

As surfactant molecules are added to the liquid, they partition into the bulk and to the
surface. In the case of water, the hydrophobic tails of the surfactants disrupt the
interactions between the water molecules at the surface, thus lowering the surface
energy. When the surface is saturated (and the surface energy has therefore been
minimized), the surfactant molecules begin to aggregate in the bulk, arranging
themselves so that their hydrophilic head-groups shield the hydrophobic tails from the
bulk of the liquid. These aggregates are called micelles, and the concentration at which
they form is called the critical micelle concentration (CMC). The surface tension at which
the micelles form is called the minimum surface tension. The micelles essentially create
an organic phase in their interior, to which organic and other non-polar molecules are
attracted.

The size and shape of the micelles formed, as well as the concentration at which they
form, are affected by many factors. In water, surfactants with large hydrophilic head-
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groups or charged head-groups which repel one another, and long, straight chain
hydrophobic groups tend to form spherical micelles. Surfactants with small or tightly
packed head-groups and large, bulky hydrophobic tails tend to form either lamellar or
cylindrical micelles. Counter ions can also affect the size and shape by reducing the
charge interaction of like head-groups, thus allowing for tighter packing of the surfactant
molecules.

Critical Packing Parameters
The critical packing parameter (CPP) of a surfactant is used to predict the geometry of
the micelles formed by that surfactant. It uses the general shape of the individual
molecules to estimate the amount of curvature introduced to the surfactant aggregates,
which determines the shape of the micelle. Surfactants with CPP < 1/3 tend to form
spherical micelles, while those with with 1/3 < CPP < 1/2 tend to form rod-like micelles.
As CPP increases to 1, the structures flatten out, leading to lamellar structures. When
the CPP is much higher than 1, the phases begin to invert, leading to reverse micelles,
which have an aqueous center surrounded by an organic phase.

Foam Formation
Two conditions must be met in order to form foam. The first is that there must be a
surface-active component to the mixture. The other condition is that the foam film must
show surface elasticity. In order to have surface elasticity, the diffusion of surfactant
monomers from the bulk to the interface must be slower than the time it takes for the
surface concentration gradient to cause the newly formed surface to retract.

After formation, there are four forces that act on the foam. Gravitational forces act to
remove liquid from the interface, resulting in decrease in foam stability. Pressure
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differences in the films at the edge of the foam cause drainage to the foam base.
Pressure differences in the gas of different sized bubbles leads to diffusion of gas from
small bubbles to larger bubbles, decreasing foam stability. Overlap of the electrical
double layers of the surfactants in the film increase foam stability.

For more complete descriptions of micelle geometry, Critical Packing Parameters, and
foaming, see Holmberg et al., (2003).

Sodium Dodecylsulfate
Sodium dodecylsulfate (SDS) is a commercially available anionic surfactant. It consists
of a straight 12 carbon hydrophobic tail and a sulfate group for a hydrophilic head. In the
salt form, the sulfate group is countered by a sodium atom. In water, the sodium and the
sulfate dissociate, giving the surfactant head a negative charge. The SDS used in this
research was measured to have a CMC of 1326 ppm in soft water, and a minimum
surface tension of 48.5 mN/m (see Appendix B for measurement methods). When the
ionic strength of the system was increased by using hard water (10 gpg, Ca++:Mg++ of
3:1), the CMC was lowered to 110 ppm with a minimum surface tension of 30 mN/m.
This change is due to reduction of charge-charge interactions of the headgroups by the
Ca++ and Mg++ ions.
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Linear Alkylbenzenesulfonate
Linear alkylbenzenesulfonate (LAS) is another common anionic surfactant. Its
hydrophobic group is a long alkyl chain, usually about 12 carbons long. The hydrophilic
group is a sulfate group attached to the chain by a benzene ring (para attachment). The
benzene ring can be attached anywhere along the chain other than the terminal carbons.
Since the ‘headgroup’ is really somewhere in the middle of the hydrophobic chain, the
surfactant often acts as though it has two tails, which, due to steric hindrances, gives it a
large surface area per molecule at an air water interface compared to most other single
tailed surfactants. The sample used in the present research was from Sigma-Aldrich. In
soft water, its CMC was 235 ppm, and its minimum surface tension was 31.8 mN/m. In
10 gpg city water, its CMC was 77 ppm, and its minimum surface tension was 29.6
mN/m.

A P P E N D IX B
A N A LY T IC A L M ETH O D S

Surfactant Concentration Determination by Mixed-Indicator Titration Method
To find the concentration of surfactant in the system at any time, an aliquot was titrated
using the Mixed-Indicator Method (Cross, 1998). In this titration, an anionic indicator,
diulfine blue VN, and a cationic indicator, dimidium bromide, are added to the sample.
Methylene chloride is added to the sample. The dimidium* ion forms a pink complex with
the anionic surfactant that is preferentially soluble in the organic phase. A cationic
surfactant solution of known normality is used to titrate the solution. The surfactant
usually used is Hyamine 1622 (Rohm and Haas). As the cationic surfactant is added, it
replaces the dimidium* ions, which then return to the aqueous phase. Titration continues
until there is a slight excess of the cationic titrant in the organic phase, at which point it
forms a blue complex with the diulfine blue VN. The titration endpoint is when the
organic layer is clear (just before the formation of the blue complex).

The quantity of the cationic solution used in the titration process is used along with the
known normality and the amount of sample titrated to calculate the concentration of the
anionic surfactant in the original sample. First, the number of moles Hyamine 1622 used
is determined. Then the number of grams of anionic surfactant in the test sample is
calculated using the molecular weight of the surfactant. Lastly, the concentration of
anionic surfactant in the water is calculated by using the initial weight of the sample.
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Sample Calculation
3.0153 g of aqueous SDS of unknown concentration (roughly 1000 ppm) was titrated to
a clear end point using 29.75 ml of 0.0004 N aqueous Hyamine 1622. Hyamine 1622
has a charge of 1+, so 0.0004 N = 0.0004 M. The molecular weight of SDS as
determined by the manufacturer for this sample was 288.4 g/mol. Since this sample was
extremely dilute, the density was assumed to be constant and equal to that of water.

(29.75 ml) x (0.0004 mol/L) x (0.001 L/ml) = 1.19E-5 moles of Hyamine 1622 used.

(1.19E-5 mol) x (288.4 g/mol) = 0.00343 grams of SDS in the test sample.
(0.00343 g Sds) / (3.0153 g total sample) x (1000 g/L) x (1000 mg/g) =1138 mg/L (ppm).

CMC Determination by Measuring Surface Tension vs. Surfactant Concentration
The critical micelle concentration (CMC) of a surfactant in water can be determined by
measuring the surface tension of the water as a function of the surfactant concentration.
Below the CMC, addition of surfactant molecules will result in a lowering of the surface
energy, as the surfactants reduce the attractive forces between water molecules at the
surface. When the interface is full, the surface tension reaches its minimum. Above the
CMC, addition of surfactant molecules results in the formation of micelles, but has no
affect on the surface tension.

CMC determinations were made using the Kruss K12 Tensiometer. This instrument uses
the Wilhelmy Plate Method, in which the buoyancy of a plate of known perimeter is
measured to determine the surface tension of the sample. The tensiometer measures
the surface tension of water, and then it adds a concentrated surfactant stock gradually,
recording surface tension as a function of surfactant concentration. Each measurement
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is repeated until 5 consecutive measurements are within 0.1 standard deviations of their
average. The CMC was then determined from the surface tension data using Kruss
LabDesk Software Version 2.0.0.2207.

CIVIC determination of LAS in DI water.

Water Hardness Determination
The amount of Ca++ and Mg++ ions present in water is referred to as the ‘hardness’. The
amount of these ions present in a system has a large effect on the behavior of anionic
surfactants, since the ions interact with the negatively charged headgroups of the
surfactants. Water hardness measurements were made using a Hardness Test Kit
(Hach, Cat. # 1453-00). This kit uses an EDTA titration to determine the free hardness of
the water in grains per gallon as calcium carbonate (CaCO3). The accuracy of the
measurements is ± 0.5 gpg.
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Viscosity Measurements
Viscosity of test samples was measured using a Brookfield Viscometer model DV-II+.
This is a controlled stress rheometer suitable for measuring viscosities of fluids near 1
cP. Measurements were made in Brookfield Units, and converted to centipoise by
multiplying by the scaling factor of 0.1. Accuracy of measurements is ± 10%.

DI Water
450 ppm SDS, 0 gpg
1200 ppm SDS, 10 gpg
10 ppm LAS, 0 gpg
550 ppm LAS, 0 gpg
DI Water (repeat)

y(cP)
1.15
1.18
1.13
1.03
1.02
1.12

Viscosity measurements of liquids used in drag reduction work.

A P P E N D IX C
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Data from Figure 10
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